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Small-for-gestational age (SGA) has been a great concern in the perinatal period
as it leads to adverse perinatal outcomes and increased neonatal morbidity and
mortality, has an impact on long-term health outcomes, and increases the risk of
metabolic disorders, cardiovascular, and endocrine diseases in adulthood. As an
endogenous ligand of the growth hormone secretagotor (GHS-R), ghrelin may
play an important role in regulating growth and energy metabolic homeostasis
from fetal to adult life. We reviewed the role of ghrelin in catch-up growth
and energy metabolism of SGA in recent years. In addition to promoting SGA
catch-up growth, ghrelin may also participate in SGA energy metabolism and
maintain metabolic homeostasis. The causes of small gestational age infants
are very complex and may be related to a variety of metabolic pathway
disorders. The related signaling pathways regulated by ghrelin may help to
identify high-risk groups of SGA metabolic disorders and formulate targeted
interventions to prevent the occurrence of adult dwarfism, insulin resistance-
related metabolic syndrome and other diseases.
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1 Introduction

Small for gestational age (SGA) is a concern during the perinatal period. If the birth

weight and/or birth length of a newborn is <2 standard deviations of the mean weight and

length for the same gestational age, a clinical diagnosis of SGA is made (1). SGA is a

syndrome associated with several factors, maternal diseases such as poor nutritional

intake, endocrine diseases, drug use, lifestyle habits, genetic factors (2, 3), congenital

infections of the fetus, chromosomal abnormalities, and genetic defect, etc. (4) may

interfere with growth potential and affect the birth weight and length of the newborn.

However, the pathogenic causes of SGA have not been completely elucidated. The

incidence of SGA varies significantly in different regions, ranging from 7% in

industrialized countries to 41.5% in South Asian countries (5, 6). On average, 16% of

newborns have SGA globally. SGA not only leads to adverse perinatal outcomes, which

increases the risk of neonatal morbidity and mortality, but also affects long-term health

outcomes, which increases the incidence of short stature in adults. Simultaneously, the

risks of future insulin resistance, lipid metabolism disorders, thyroid dysfunction,

diabetes, coronary heart disease, cancer, and other diseases increase. Meanwhile, SGA
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might be associated with long-term neurological damage (7).

Previous studies on the factors associated with the regulation of

SGA growth and energy metabolism homeostasis can help

prevent metabolic diseases in adulthood, which is a global public

health issue.

Fetal growth is a complex process regulated by different factors.

Regulation of fetal programing by the growth hormone–insulin-

like growth factor (GH-IGF) axis has been proposed as the

mechanism that could explain the link between low birth weight

and adult disease. The GH receptor (GHR) mediates the effect of

GH on linear growth and metabolism (8–10). Ghrelin—which is

an endogenous ligand of the growth hormone secretagogue

receptor (GHS-R)—promotes GH release, is involved in prenatal

and postnatal growth, and is a possible predictor of catch-up

growth in neonates and infants. SGA neonates with high ghrelin

concentrations have a better catch-up growth (11). The ghrelin

concentration of adolescent children born with SGA who

completed catch-up growth was higher than that of adolescent

children born with SGA who did not complete catch-up growth

and short children with appropriate for gestational age (AGA)

(controls). Moreover, previous studies have found that ghrelin

concentration is negatively correlated with body mass index and

insulin levels. Further, ghrelin may participate in energy

metabolism while promoting growth and reducing the

development of obesity and insulin resistance (12). In recent

years, acyl-ghrelin (AG) has been playing a unique role in energy

metabolism, which affects various systems in the body and is an

important target in treating various diseases, including obesity,

metabolic disorders, stress and anxiety, and drug addiction

(13, 14). Ghrelin has been shown to regulate growth and energy

metabolism homeostasis (15). Similarly, growth and metabolic

disorders are also problems that SGA children may face. Does

ghrelin participate in the pathogenesis of SGA, and what role

does it play in the growth and metabolism of SGA? These are

issues that we would like to explore. Therefore, this review aimed

to assess the recent research progress on the association between

ghrelin and SGA.
2 Expression, secretion, and
metabolism of ghrelin

Ghrelin is a 28-amino acid polypeptide found in the

X/A-like cells of rats and the human stomach based on

immunohistochemistry performed in 1999 by Kojima. It is

expressed in a small amount in the pancreas, thyroid, kidneys,

lungs, placenta, and other tissues (16). Ghrelin is a natural

endogenous ligand of GHS-R type 1a. Ghrelin promotes GH

release and is the only orexin hormone produced by peripheral

organs (17). They are divided into AG and desacyl-ghrelin

(DAG) according to whether they are octylized by

O-acyltransferase in the Endoplasmic Reticulum (ER) (16). As

show in Figure 1, modified by n-octanoic acid is essential for the

binding and activation of AG to GHS-R1a. Previous studies have

revealed that DAG could not bind to GHS-R1a due to the lack

of the n-octanoic acid modification. Hence, the corresponding
Frontiers in Pediatrics 02
receptor could not be activated, and only AG was biologically

active (18). However, further research has increasingly recognized

the active hormonal role of DAG, although is binding receptor is

yet to be identified, and DAG affects various systems under

different physiological and pathological conditions (19).

Ghrelin is secreted by X/A-like cells in the fundus of the

stomach, circulated in blood, and transmitted through the vagus

nerve to bindwith the GH-secreting receptor 1a (GHS-R1a).

Meanwhile, GHS-Rla can be transported to gastric cells through

vagus nerve transmission, binding to AG, inhibiting the electrical

activity of labyrinths, and acting on central neurons. After

binding to GHS-R1a, AG effectively activated the Hypothalamic

arcuate nucleus (ARC) expresses the appetite promoting

hormone Neuropeptide Y (NPY) and Agouti-related protein

(AgRP), and these neurons signal to Ventromedial nucleus of the

hypothalamus (VMH) and Paraventricular nucleus (PVN)

through synapses to stimulate food intake, and stimulates GH

release by acting on GHRH neurons or by directly activating

somatotrophs in the anterior pituitary. The AG-GHS-Rla axis

plays several biological roles by signal transmission through

synapses. However, the signaling pathways through which DAG

acts remain unclear (18).

Similar to other endocrine hormones—such as melatonin and

GH—ghrelin is secreted in pulses in the human body and is

influenced by the endogenous circadian rhythm, with the peak

secretion at night (20). Since a positive correlation between

nocturnal ghrelin and nocturnal GH secretion was noted, it

appears that nocturnal measurements better reflect the pool of

ghrelin responsible for stimulation of GH and IGF-I secretion

(21). Moreover, the levels of ghrelin fluctuate with eating. The

plasma concentrations of total ghrelin and AG increase before

meals, decrease rapidly after meals, and gradually increase again

until the next meal (22). The duration and extent of ghrelin

reduction after a meal is related to the total calories and types of

nutrients consumed, with carbohydrates and protein having the

greatest impact. Insulin and glucose comprise the main

determinants of ghrelin secretion. Insulin inhibits ghrelin

secretion through the phosphatidylinositol 3-kinase/protein

kinase B pathway. Moreover, age and sex may affect ghrelin

secretion. In adults, the DAG levels are higher in women than in

men (23), although other studies demonstrated similar total

ghrelin levels between male and female newborns (24, 25).

In recent years, the brain–intestinal peptide ghrelin has

attracted increasing attention because of its role in maintaining

energy metabolism homeostasis. It can effectively maintain body

metabolism and energy balance, regulate blood glucose levels and

fat metabolism, and prevent fatal hypoglycemia while fasting. It

also improve memory, prevent anxiety and depression, and

protect metabolic organs (such as the liver), adipose tissue,

skeletal muscle, and myocardium from stressful conditions (such

as asphyxia, hypoxia, and burn) and inflammation. Furthermore,

it plays a key regulatory role in maintaining metabolic energy

homeostasis (26).

Based on these physiological effects of ghrelin, the relationship

between ghrelin and SGA in growth and metabolism has gradually

attracted attention, and an increasing number of studies have
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FIGURE 1

Structure diagram of AG and DAG. The human ghrelin gene is located on chromosome 3p25–26 and in the X/A-like cells of the gastric fundus. The
ghrelin gene is translated into the 117-amino acid preproghrelin. Signal peptide cleaved the ghrelin precursor into 94-amino acid proghrelin. Serine
was the third amino acid of the ghrelin precursor. In the endoplasmic reticulum, it is acetylated by O-acyltransferase (GOAT) to form acylated
proghrelin, which is then transported to the Golgi apparatus. The cleavage of prohormone convertase1/3 (PC1/3) forms acylated ghrelin (AG) with
28 amino acids. The precursors of ghrelin that are not caplyacylated in the endoplasmic reticulum are directly cleaved by PC1/3 in the Golgi
apparatus to produce des-acylated ghrelin (DAG). Human ghrelin and rat ghrelin have a high homology. Only 11 and 12 amino acids are different.
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distinguished between AG and DAG. In neonates, DAG appeared

to be higher in SGA than in AGA, but the AG level did not differ

(27). However, to date, the roles of AG and DAG in neonates and

children—particularly at birth—remain unclear and poorly studied.
3 Role of ghrelin in fetal development

Maternal ghrelin plays an important role in fetal growth and

development. Previous studies have found that maternal

exogenous ghrelin supplementation can increase fetal birth

weight (28), and ghrelin-resistant mothers deliver neonates with

a low birth weight (29). Based on these findings, at least part of

the fetal ghrelin comes from the maternal circulation. Clinical

studies have found that the serum ghrelin level during pregnancy

peaks at the second trimester, and it is at its lowest during the

third trimester. These findings are consistent with the

development of maternal weight gain and insulin resistance (30).

Maternal AG levels are positively correlated with newborn waist

circumference at birth. Further, newborn waist circumference

measured at birth is an indicator of liver volume and visceral fat,
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reflecting the energy deposition of newborns (31). The positive

correlation between maternal ghrelin levels and neonatal waist

circumference during the second and third trimesters indicate

that ghrelin can be involved in the energy balance of the fetus,

regulating fat-energy deposition in newborns. In addition, it can

be a predictor of the future growth and metabolic health of the

newborn. Infer from this, ghrelin may plays a role in maternal

energy regulation, and it is related to the nutritional supply of

the fetus.

Several studies have analyzed the presence of ghrelin in the

cord blood. Ghrelin has been detected in the cord blood of

fetuses at 30 weeks of gestation (32). Based on an assessment

using newborn cord blood samples, low-birth-weight newborns

had higher ghrelin levels in their cord blood than high-birth-

weight newborns. Fetal ghrelin levels may reflect energy supply

in the womb. The lack of correlation between placental ghrelin

expression and cord blood ghrelin level shows that placental and

fetal ghrelin can be produced separately. Further, ghrelin in the

cord blood mainly comes from the fetus (33). In another study,

the level of total ghrelin in the umbilical vein serum samples was

found significantly lower than that in the umbilical artery
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samples; this meant that ghrelin in cord blood primarily comes

from the fetus (34).

The association between cord blood ghrelin levels and

newborn birth weight is controversial. Previous studies have

reported negative associations of serum ghrelin with AG and

DAG levels (25, 35, 36). Small-for-gestational-age infants have

higher ghrelin levels, with a gradual increase in total ghrelin

levels within the first few days after birth that is significantly

higher than the levels detected in the cord blood (37). The cord

blood total ghrelin level of SGA preterm infants is higher than

that of AGA preterm infants (38, 39). One study suggested that

neonatalcord blood ghrelin concentration might be a birth

weight determinant (40). In addition, the concentration of

AG is negatively correlated with neonatal head circumference,

abdominal circumference, and thigh circumference (34). Ghrelin

may plays a physiological role in regulating growth in the early

stage of life. However, some studies have different findings. That

is, no difference was observed in the serum ghrelin levels

between full-term and preterm infants and between AGA and

large for gestational age (LGA) infants (19, 41, 42). Moreover,

SGA neonates have lower cord blood ghrelin levels (43).

The conflicting results could be attributed to the detection

methods used. For example, AG and DAG could have been

detected individually, and different methods were utilized to

stabilize AG in the samples. AG in the plasma is easily converted

to DAG. Therefore, the method used to stabilize AG during the

experiment is important in obtaining accurate experimental

findings (44). In recent years, an increasing number of studies

have conducted a differential analysis of AG and DAG to

distinguish their physiological effects. Some studies have found

that the cord blood DAG concentration of SGA neonates is

significantly higher than that of AGA neonates. Moreover, DAG

is negatively correlated with birth weight and placental weight.

Hence, DAG plays a more important role in birth weight than

AG (45). The difference between AG and DAG should be

analyzed to distinguish their physiological effects. In addition,

there can be a compensatory mechanism for the negative energy

balance in SGA fetuses, and high ghrelin levels can be a

manifestation of an adaptive response. The correlation between

umbilical cord blood ghrelin concentration and fetal growth

should be validated.
4 Association between ghrelin and
catch-up growth in SGA infants

In the early postnatal period, infants with SGA usually have a

faster growth rate and weight increase rate than those with AGA, a

condition known as catch-up growth (CUG), which refers to height

growth that exceeds the upper end of the normal range for the

same age for at least 1 year after a short period of growth

inhibition (46). It can be continuous or discontinuous. If the

final adult height is within the target range, CUG may be

considered complete. Previous research has proposed two types

of neuroendocrine and growth plate models for CUG (47).

Another study has reported that 69%–82.2% of SGA newborns
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complete CUG at the age of 1 year, and the completion rate at

the age of 2 years is approximately 87.4%–96.6%, the catch-up

growth in a premature child born with SGA may last until 4

years of age (48).

Nevertheless, the growth trajectory of height, weight, and head

circumference of some SGA newborns after birth is significantly

lower than that of AGA newborns. Moreover, the three index of

some SGA newborns within the first 3 years after birth are still

significantly lower than those of AGA infants, which eventually

leads to lifelong height and short stature in adulthood, with the

proportion reaching 10% (49, 50). Similarly, the GH secretion of

adult born with SGA based on the growth hormone stimulation

tests is normal. However, their insulin-like growth factor type I

(IGF-I) concentrations are typically low, and their final height

ratio is approximately 1.0 standard deviation below the target

height (TH) (51). For those with SGA who cannot complete

CUG, GH supplementation to improve short stature has been

included in the treatment guidelines.

Approximately 10% of children with SGA do not complete

CUG, and the mechanism of which is unknown. Some studies

have revealed that it may be related to GHR or IGF-1R gene

mutation (52), and current research has focused on the specific

factors regulating CUG. In vivo, ghrelin and growth hormone-

releasing hormone work together to stimulate growth hormone

secretion (53). AG acts on the GSHR-1a receptor of pituitary

growth hormone-secreting cells and activates phospholipase C. It

results in the production of inositol 1,4,5-triphosphate and

diacylglycerol, which increase intracellular Ga2+ and promote

GH release (54). Ghrelin may be a strong predictor of CUG in

newborns with SG. One week after birth, SGA infants presented

with a significant increase in total ghrelin levels (39). Higher

total ghrelin levels in newborns with SGA at birth, which remain

elevated at 3 months of age, are associated with anthropometric

markers at birth and early postnatal growth (55). In identical

twins with SGA, neonates with high ghrelin concentrations

completed CUG and maintained high ghrelin concentrations in

the first year after birth, a rapid CUG rate in both height and

weight was detected. Compared with infants who have not

experienced CUG, SGA infants had higher postprandial ghrelin

concentrations within the first year after birth (11). These clinical

studies suggested that high ghrelin levels promote increased

appetite in these infants and ensure nutrient intake, resulting in

rapid CUG.
5 Maintenance of SGA metabolic
homeostasis by ghrelin

Previous studies have commonly revealed that ghrelin plays a

role in promoting CUG in SGA. But he metabolic aspects of

SGA have not been reported. However, individuals with SGA

who presented with a rapid increase in height and weight at the

start of birth have a higher incidence of metabolic disorders (56).

What role does ghrelin play as a somatostatin-releasing peptide

in promoting CUG and metabolic disorders in individuals with

SGA? It is worthy for clinical attention and further research.
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Children born with SGA are at significantly increased risk of

hypertension (57, 58), insulin resistance (59), dyslipidemia, and

nonalcoholic fatty liver disease (60) during adolescence, which

lead to type 2 diabetes (DM2), central obesity, and cardiovascular

disease in adulthood (61). This mechanism between fetal growth

restriction and later metabolic disease is currently explained by

the “thrifty phenotype hypothesis” in most studies (62). To adapt

to the malnourished intrauterine environment, the developing

fetus may appear to dysregulation of the neuroimmune–endocrine

axis (63), and this adaptation process in fetal life results in

changes in insulin signaling pathways and glucose metabolism

(64). Intrauterine malnutrition induces fetal programming, leading

to rapid CUG and insulin resistance in individuals born with

SGA and who are at risk of glucose and fat metabolism disorders

and adverse metabolic diseases (59, 65). Further, disturbances in

the hypothalamic-pituitary-thyroid axis and hypothalamic–

pituitary adrenal (HPA) axis may be involved (66).

The increased risk of metabolic disorders and cardiovascular

disease with SGA is present not only in adulthood, but also in

childhood. SGA newborns have metabolic disorders. The

incidence rate of hypoglycemia in neonates with SGAs is 15%–

36% (67). This condition is caused by low hepatic glycogen and

fat storage, inefficient production of glucose via the

gluconeogenic pathway, higher energy requirements, increased

insulin sensitivity, and lack of an antiregulatory hormonal

response (68). Simultaneously, some studies have found a

temporal association between low birth weight and insulin

sensitivity reduction (69). Blood lipid levels in SGA infants are

different from those in AGA newborns. The results of the

neonatal vein blood test performed within 72 h after birth have

shown that the levels of triglyceride, total cholesterol, and low-

density lipoprotein cholesterol in SGA newborns are higher

than those in AGA newborns. The levels of total cholesterol,

low-density lipoprotein cholesterol, high-density lipoprotein

cholesterol, and apolipoprotein A in newborns with a birth body

mass index of <10th percentile were lower than those with a

birth body mass index of ≥10th percentile. Furthermore,

newborns with a birth body mass index of <10th percentile had

higher levels of triglyceride and apolipoprotein B than those with

a birth body mass index of the ≥10th percentile. The greater

degree of fetal growth restriction, the level of lipid metabolism

disorder is more evident (70).

In childhood, those who are born with SGA have higher fasting

blood glucose levels than children with normal weight at birth, and

higher fasting blood glucose levels may be precursors to

hyperinsulinemia, insulin resistance, and type 2 diabetes (70).

Children with SGA are at a significantly increased risk for both

type 2 diabetes and insulin resistance (62), which are more

evident in cases of rapid weight gain in infancy (71). The

redistribution of weight gain promotes the accumulation of

abdominal fat, which occurs primarily between the ages of 2 and

4 years. At 4 years of age, children with SGA have a higher fat

mass, insulin resistance, and proinflammatory parameters (72).

Low-birth-weight children have an increased risk of

hypercholesterolemia. Children born with SGA have increased
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promotes insulin resistance (67). Meanwhile, SGA children

with poor CUG in height may be at the highest risk for

hypercholesterolemiain childhood (73).

In contrast, other studies have revealed that rapid CUG and

insulin resistance could not completely explain the association

between SGA and metabolic disorders (63). By most accounts,

metabolic disorder is caused by an adverse intrauterine

environment that may trigger epigenetic regulation and impaired

liver growth. If the body mass index of children born with SGA

is within the normal range, their insulin sensitivity does not

change, and CUG does not affect insulin resistance in

participants born with SGA (74). Compared born with SGA,

obesity resulting from excessive CUG later in life is more likely to

lead to insulin resistance. Therefore, a dynamic change in

individual obesity is involved in the long-term metabolic outcome

of SGA (75). Although SGA is associated with adverse metabolic

characteristics in overweight or obese children but its effect is

extremely small compared with the severity of obesity (66), and

these findings underscore the importance of weight management.

Obese children and adolescents born with SGA are more likely to

have metabolic risk factors compared with those born with AGA

(56). Therefore, it is important to clear the mechanisms of fetal

growth and metabolic patterns that lead to SGA.

The mechanisms related to metabolic disorders in individuals

born with SGA have been the focus of research. Imbalances in

ghrelin, adiponectin, and leptin may be a risk factor for fetal

growth retardation and future metabolic diseases (38). The

central ghrelin signaling system has a powerful appetite

stimulating effect. If ghrelin is delivered to most brain regions

where GHS-R is located, it can drive the eating response (76).

For a long time, it was considered obesity-promoting. However,

obesity is not caused by high ghrelin levels (77). Diet-induced

obesity impairs the ghrelin signaling pathway, leading to ghrelin

resistance (78). Rather than causing overeating, ghrelin promotes

appetite, food preference selection, and food reward (79). In

addition, an increasing number of studies have found that

ghrelin maintains the role of metabolic homeostasis.

In animal experimental studies, daily peripheral injection of

ghrelin in mice can lead to increased body fat and weight, the

mechanism leading to this result is not attributed to increased

food intake with ghrelin supplementation. However, it can be

related to decreased fat usage (80). AG changes fatty acid

metabolism via the intracellular signaling pathways in the

hypothalamus and regulates central and peripheral lipid

metabolism (81, 82). In addition, ghrelin reduces hepatocyte lipid

toxicity, mitochondrial dysfunction, endoplasmic reticulum stress,

programmed cell death, the reversibility of the proinflammatory

phenotype of Kupffer cells, and hepatic stellate cell inactivation

via autophagy and fatty acid β-oxidation (83). The metabolic and

inflammatory pathways regulated by ghrelin in the liver support

its potential as a therapeutic target for the prevention of

nonalcoholic fatty liver disease in patients with metabolic

disorders. The ghrelin–GHS–R1a axis also regulates glucose

homeostasis via a central mechanism. Ghrelin prevents
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life-threatening hypoglycemia during fasting and energy restriction

(84). A recent clinical study found that infants with very low birth

weight (VLBW) appeared to have a hormone profile consistent

with insulin resistance, which may be associated with

significantly elevated concentrations of ghrelin (85). As a

negative regulator of insulin secretion, AG is dependent on GHS-

R1a signaling in cells and interacts with somatostatin receptor

subtype 5 to stimulate the secretion of glucagon by islet alpha

cells and regulate glucose metabolism (86).

Current studies have shown that the ghrelin levels peak early

after birth, until GH begins its function in regulating nutrient

intake and growth (19). Normal-weight infants have high ghrelin

levels, while infants with obesity or those whose growth

accelerates within the first year of life have low ghrelin levels (87,

88). As a metabolic signal, ghrelin may play an important effect

on regulating energy balance during early life growth and

development. The role of ghrelin as a predictor of or intervention

target for SGA metabolic disorders must be further explored.
6 Conclusions

In addition to promoting appetite, ghrelin has been found

maintain growth hormone secretion and energy metabolism

homeostasis. Previous studies mainly focused on the correlation

between blood ghrelin concentration and birth weight, CUG, and

adult short stature. Whether intrauterine malnutrition or rapid

CUG is the main cause of metabolic disorders in individuals

born with SGA? Dose ghrelin reduce or increase the risk of

metabolic disease? Can ghrelin be used as a biomarker of

metabolic health in early life? At present, there is no clear

conclusion, and the mechanism of ultimate height reduction and

metabolic complications in individuals born with SGA should be

further validated.

Genetic and metabolic factors that contribute to SGA are

complex, and they involve dysregulation of multiple metabolic

pathways, which are not well understood. The function of ghrelin

in SGA status and metabolism should not be simply determined

based on ghrelin levels. Further research should focus on the

relevant signaling pathways regulated by ghrelin, which can help

identify high-risk groups with SGA-related metabolic disorders

and develop targeted interventions to prevent the occurrence of

diseases such as dwarfism and insulin resistance-related

metabolic syndrome in adulthood.
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